Addition and removal of the attractant asparagine causes methanol formation as a consequence of methylation and demethylation of conserved glutamate residues in the Bacillus subtilis chemotaxis receptor McpB C-terminal domain. We found that methanol was released on both addition and removal of asparagine even when the response regulator domain of CheB was removed (to produce CheB (141----357) ). Thus, in undergoing the transition from unbound receptor to ligand-bound adapted receptor, the receptor must pass through a state of heightened susceptibility to demethylation by CheB that is independent of phosphorylation. The same result occurred when the aspartate phosphorylation site of CheB, Asp54, had been mutated to an asparagine residue, provided the enzyme was sufficiently induced. However, no methanol release was observed for an active site point mutant, cheB (S173C) , in response to addition or removal of asparagine even when induced. Finally, methanol release was observed only for attractant addition in a mutant background lacking the coupling proteins, CheW and CheV, provided CheB (141----357) was present. Thus, on attractant addition, methanol must arise from a transient conformation of the receptor C-terminal domain that is an intrinsic property of the receptor; on attractant removal, however, methanol must arise from a different transient conformation, one dependent on the presence of coupling proteins.
Introduction
The prototypical signal transduction cascade in prokaryotes and lower eukaryotes, called the two component system, involves stimulus-induced changes in the phosphorylation states of a histidine protein kinase and its response regulator (Kofoid and Parkinson, 1988; Hoch, 2000; Stock et al ., 2000) . In chemotaxis systems, information from the environment is typically processed by transmembrane chemoreceptors, which contain extracellular sensing domains coupled to cytoplasmic signalling domains (Borkovich et al ., 1989; Parkinson and Kofoid, 1992; Falke and Hazelbauer, 2001 ). The sensing domains convert environmental stimuli into conformational changes, which coupled with methylation of the signalling domain, modulates the activity of the histidine kinase, CheA (Borkovich et al ., 1989; Levit et al ., 1999; Ottemann et al ., 1999) . CheA is a multidomain, dimeric autophosphorylating histidine kinase that phosphorylates itself in trans on a conserved histidine residue in its P1 domain (Hess et al ., 1988; Swanson et al ., 1993) . Phosphorylated CheA then transfers its phosphoryl group to the soluble response regulator protein, CheY (Hess et al ., 1988; Sanders et al ., 1989) . Phosphorylation of CheY enables appropriate interaction with the flagellar motor (Bischoff and Ordal, 1991; Lukat et al ., 1992; Drake et al ., 1993; McCleary and Stock, 1994; Birck et al ., 1999) .
The Bacillus subtilis genome has 10 receptor-like proteins (Kunst et al ., 1997) . The chemoreceptor, McpB, mediates chemotaxis towards the attractant asparagine (Hanlon and Ordal, 1994) . Functional homology and structural analysis indicates that the extracellular domain is a four-helix bundle containing the asparagine-binding domain (Liu and Parkinson, 1991; Scott et al ., 1993; Hanlon and Ordal, 1994; Surette and Stock, 1996; Yeh et al ., 1996) . The cytoplasmic signalling domain is primarily a -helical and contains a 'highly conserved domain' which interacts with the coupling proteins, CheW and CheV, and the histidine kinase, CheA (Gegner et al ., 1992; Le Moual and Koshland, 1996; Seeley et al ., 1996; Surette and Stock, 1996) . Two methylation regions identified by sequence homology and mutational analysis flank the highly conserved domain (Hanlon and Ordal, 1994; Zimmer et al ., 2000) . These regions contain conserved glutamate and glutamine residues that are methylated on the g -carboxylate group by the S-adenosylmethioninedependent methyltransferase, CheR (Ullah and Ordal, 1981) ; demethylated by the methylesterase, CheB ; and presumably deamidated by the deamidase, CheD (Kristich and Ordal, 2002) . Region 1 contains one methylation site located at Glu371 and Region 2 contains two methylation sites at Glu630 and Glu637 (Zimmer et al ., 2000) .
Methylesterase activity and methylation of McpB play essential roles in chemotaxis to the attractant asparagine. Methylesterase activity is required for chemotaxis to high concentrations of asparagine in the capillary assay (Kirby et al ., 2000) . Additionally, a methylesterase deletion has a 10-fold reduced threshold response to asparagine addition in the tethered cell assay (and is impaired in responses to its removal) (Kirby et al ., 2000) . Methylation sites 371 and 630 are demethylated in response to the addition of the attractant asparagine and methylation sites 630 and 637 are demethylated in response to its removal (Zimmer et al ., 2000) . Site-specific mutational analysis indicates methylation of site 637 is important for adaptation to addition of attractant and methylation of site 630 is important for adaptation to its removal (Zimmer et al ., 2000) . Interestingly, demethylation of heterologous receptors compensates for the absence of methylation changes in methylation site point mutants of mcpB (Zimmer et al ., 2002) .
One deviation from the well-characterized Escherichia coli system is the apparent activation of methylesterase activity, coinciding with CheA inactivation, upon removal of attractant in B. subtilis (Thoelke et al ., 1988) . [In E. coli , attractant addition causes CheA inactivation and virtual cessation of methylesterase activity until adaptation occurs (Kehry et al. , 1984 : Borkovich et al ., 1989 .] As with E. coli CheB, B. subtilis CheB has a two-domain architecture connected by a short linker region . The N-terminal domain is the response regulator domain containing the aspartate phosphorylation site, Asp54, and the C-terminal domain contains the conserved active site serine, Ser173, and two conserved residues important for catalytic activity, His200 and Asp296. CheB is phosphorylated in vitro by CheA-P at a very high rate and dephosphorylation is almost immediate . A stimulus that activates CheA activates methylesterase activity (Thoelke et al ., 1990) . Thus, it is surprising that enhanced demethylation occurs to removal of attractant (see Discussion ).
Despite the fact that CheB is much more active when phosphorylated than when unphosphorylated, there is good reason to believe that addition of attractant to E. coli , which normally leads to unphosphorylated CheA and unphosphorylated CheB, may also affect chemotaxis by producing a conformation of the receptor that is somewhat resistant to demethylation. When B. subtilis CheB was used to demethylate in vitro methylated E. coli receptors under conditions where protein phosphorylation did not occur, methanol formation was decreased by addition of attractant (Nettleton and Ordal, 1989) . Furthermore, Alon et al . (1998) found that in E. coli replacing wild-type CheB with a mutant CheB lacking the response regulator domain afforded normal exact adaptation upon addition of attractant, a result that underscores the importance of receptor conformation to bring about adaptation. However, the main enzyme responsible for adaptation in E. coli to addition of attractants is the CheR methyltransferase (Terwilliger et al ., 1986) , and it is not subject to covalent activation or deactivation (Djordjevic and Stock, 1998) .
In this article, we have sought to understand the relationship between CheB phosphorylation and receptor conformation in determining production of methanol to stimuli of addition and removal of the attractant asparagine. We show that a fragment of CheB containing only the methylesterase catalytic domain, CheB (141 -357) (Fig. 1) , and a phosphorylation point mutant, CheB (D54N) (Fig. 1) , are capable of complementing a cheB null mutant in vivo , whereas, a serine active site mutant, CheB (S173C) (Fig. 1) , is unable to complement. Additionally, we demonstrate that CheB (141 -357) produced enhanced demethylation of McpB in response to asparagine addition and removal, and this activity was also demonstrated with overexpressed CheB (D54N) . Lastly, we show that enhanced demethylation from addition, but not removal, of asparagine by CheB (141 -357) is independent of the coupling proteins, CheW and CheV. White rectangular region is the conserved regulatory domain and grey rectangular region is the methylesterase domain. Star in cheB (D54N) indicates asparagine substitution at Asp54 phosphorylation site. Star in cheB (S173C) indicates cysteine substitution at Ser173.
Results

Effect of CheB activity on chemotactic ability
Methylesterase activity is required for wild-type chemotaxis in a rich media swarm assay (Kirsch et al ., 1993; Zimmer et al ., 2002) . To evaluate whether activation of CheB by phosphorylation was required for taxis under these conditions, we removed the response regulator domain creating cheB (141 -357) and expressed it from a multicopy plasmid under IPTG-inducible conditions. We found that it complemented the cheB null mutant, even without induced expression (Fig. 2) . We also tested an unphosphorylatable allele, cheB (D54N) , and found that it did not complement unless it was induced with IPTG ( Fig. 2) . However, mutating the putative active site serine residue to a cysteine residue, cheB (S173C) , eliminated complementation regardless of IPTG induction (Fig. 2) . We conclude that adequate levels of methylesterase activity were present for chemotaxis in the rich media swarm assay. Therefore, it is likely that chemoreceptors provide an intrinsic contribution to the regulation of demethylation by CheB independent of its phosphorylation.
A drawback of using a rich media swarm assay is the requirement to use a single optimized concentration of attractant in the swarm plate for discernable chemotaxis. Conversely, the capillary assay enables a large range of attractant concentrations to be assayed. Typically, methylesterase defects are manifested at high concentrations of asparagine in the capillary assay (Kirby et al ., 2000; Zimmer et al ., 2002) . We compared the abilities of the various alleles of cheB expressed from the multicopy plasmid with complement the null mutant at both low and high concentrations of attractant (Table 1) . As predicted from the swarm assay, cheB (141 -357) worked well at low and high concentrations of attractant, regardless of whether it was induced, cheB (D54N) needed to be induced with 0.1 mM IPTG to work at high concentrations of attractant but not at low concentrations, and cheB (S173C) never complemented. These results supported the swarm assay results, suggesting that receptors can exist in particular conformational states that regulate demethylation of the C-terminal domain in a CheB-P-independent manner.
Effect of various methylesterase mutations on methanol release
Methylesterase activity has been shown to be increased by phosphorylation of the N-terminal regulatory domain in E. coli (Lupas and Stock, 1989) . Nevertheless, methanol is released both upon addition and removal of the attractant asparagine in B. subtilis (Thoelke et al ., 1988) . To investigate the role CheB phosphorylation plays in the addition and removal response to asparagine in B. subtilis , we assayed the various cheB alleles expressed from the same multicopy plasmid for methanol formation and compared them with wild type. The active site mutant, cheB (S173C) , was unable to produce methanol in response to asparagine even when induced (Fig. 3A) . However, enhanced methanol release occurred on addition and removal of asparagine as catalysed by CheB (141 -357) under non-inducing conditions (Fig. 3B) . Additionally, induction of CheB (D54N) expression by IPTG produced elevated baseline levels of methanol and enhanced demethylation both upon addition and removal of asparagine compared with wild type. Conversely, uninduced CheB (D54N) was unable to produce methanol to addition or removal of asparagine (Fig. 3C ). Parenthetically, it should be noted that the reason that less radioactive methanol was released on the second addition of attractant, compared with the first, was due to declining specific activity of methyl groups on the receptor, due to declining specific activity of the precursor, S-adenosylmethionine (Kirby et al ., 1997) . 
Effect of coupling proteins CheW and CheV on methanol evolution
The coupling proteins CheW and CheV have been demonstrated to be critical for normal chemotactic function and are required for receptor-mediated activation of the histidine kinase, CheA (Rosario et al., 1994; Garrity and Ordal, 1997) . In E. coli, CheW is also required for normal polar localization of receptors (Maddock and Shapiro, 1993) and is essential for normal ternary complex formation in vitro (Levit et al., 1999 (Levit et al., , 2002 . Thus, it is conceivable that CheW-dependent clustering and ternary complex formation could provide three-dimensional accessibility restraints contributing to regulation of methylesterase activity. However, addition of asparagine stimulated elevated levels of methanol release in a cheW cheV mutant expressing CheB (Fig. 4) . Although the cheW cheV mutant background contained a wild-type copy of cheB, it was unable to stimulate methanol release on addition of attractant (Karatan, 2001 ). Thus, demethylation upon addition of attractant must require a receptor conformation that briefly makes methylation sites available for demethylation, independent of CheB phosphorylation or the coupling proteins. Interestingly, no enhanced methanol formation occurred on removal of asparagine (Fig. 4) , in contrast to methanol removal when CheW and CheV were present (Fig. 3B ).
Discussion
We have obtained evidence that addition and removal of attractant cause receptors to briefly exist in a state of high susceptibility to the action of methylesterase, compared with both the pre-stimulus and adapted states. In the prestimulus and adapted states, only a little methanol is formed; however, considerable methanol is formed on addition and removal of attractant (Thoelke et al., 1988) . This increased methanol formation probably results from a receptor conformation that is briefly accessible to the methylesterase as it occurs in a strain lacking wild-type cheB but having cheB (Fig. 3B) , which encodes the methylesterase domain without the response regulator domain. Enhanced demethylation also occurs in a mutant where the phosphorylated aspartate residue has been replaced by an asparagine residue, provided a sufficient IPTG concentration was added (Fig. 3C) . We anticipate that CheB (D54N) is approximately 7% as active as CheB as cleavage of the inhibitory domain from E. coli CheB results in a 15-fold activation (Lupas and Stock, 1989) . Thus, it is not surprising that CheB (D54N) would not have sufficient activity to produce measurable levels of methanol unless induced by IPTG. The brief period of enhanced receptor susceptibility to demethylation occurs on the addition response even in absence of the coupling proteins CheW and CheV, a result indicating that enhanced demethylation must be an intrinsic property of dimers themselves or perhaps of the proposed trimer of dimers (Kim et al., 1999; Kim et al., 2002; Bunn and Ordal, 2003) . It probably occurs in the period after the attractant binds until the removal of methyl groups by the methylesterase. However, the lack of the removal response by CheB in the absence of CheW and CheV suggests that the coupling proteins may be essential for the brief period of enhanced receptor susceptibility in going from the ligand-bound adapted state back to the ligand-free unstimulated state. This brief period of enhanced receptor susceptibility probably occurs during the time between attractant release from the receptor and its demethylation (Zimmer et al., 2000) . It is noteworthy that Sanders and Koshland (1988) found that ability of the CheR methyltransferase to methylate the E. coli serine receptor when aspartate bound to the aspartate receptor required CheA and CheW, a result that would appear to imply that complexes of receptors containing heterologous receptors (see Ames et al., 2002) need to contain CheA and CheW to be fully susceptible to methyltransferase during the adaptation period. On removal of attractant, the levels of CheA-P would be subnormal; yet methanol formation is still observed. Methanol formation upon attractant removal is not observed in a cheY mutant whose phosphorylated aspartate residue has been changed to an alanine residue (Kirby et al., 1997) . Thus, back transfer of the phosphoryl group from CheY-P to CheA and thence to CheB may be the source of the activating phosphoryl group on removal of attractant in B. subtilis in wild type.
The contribution of phosphorylation to the physiological response -even though CheB would work -is twofold. Because the levels of CheB-P are the same before the attractant is added as after adaptation, the consequence of transient CheB phosphorylation is to shorten the period of time required to reduce the level of methylation as directed by the stimulus-altered conformation of the MCP, so that adaptation occurs more quickly (J. L. Spudich, pers. comm.). Furthermore, each methanol molecule formed results in a theoretical loss of 11-14 ATP equivalents (Stock and Simms, 1988) . As seen in Fig. 3C there is a much higher background of methanol formation in cells having induced CheB (D54N) instead of wild-type CheB. Therefore, evidently phosphoregulation of CheB is important for conservation of energy. Moreover, as chemotaxis towards asparagine in a strain having CheB as the species of methylesterase present was approximately the same as wild type (Table 1) , it would appear that CheB activation by phosphorylation is not critical for chemotaxis.
These results, in a sense, confirm the early results of Nettleton and Ordal (1989) on the direct effect of attractant on E. coli receptors in making them less susceptible to methylesterase action and the more recent work of Alon et al., (1999) on the importance of receptor susceptibility to methylesterase rather than activation of methylesterase by phosphorylation as the key element in promoting exact adaptation to stimuli (in this case, a stimulus, attractant, that inhibits CheA). However, these results extend the aforementioned in the sense that they show the importance of receptor conformation for methylesterase action even under conditions where activation (that is, phosphorylation) of the methylesterase would naturally occur in the wild type. They also extend them in implying that one susceptible conformation, the one occurring after attractant is added, does not require the coupling proteins but the other, the one occurring after attractant is removed, does.
Experimental procedures
Bacterial strains and plasmids
All bacterial strains and plasmids used in this study are listed in Table 2 . All plasmids were propagated initially in E. coli TG-1 (Stratagene).
Chemicals, solutions and growth media L-[methyl-
3 H]-methionine (80-85 Ci mmol -1 ) was purchased from Amersham-Pharmacia. Nutrient media was purchased from Difco. All other chemicals were reagent grade. LuriaBertani (LB) medium is 1% tryptone, 0.5% yeast extract and 0.5% NaCl. Tryptone Broth (TB) is 1% tryptone and 0.5% NaCl. Chemotaxis buffer (CB) and protoplast buffer (PB) are described elsewhere (Zimmer et al. 2000) . Minimal media is 50 mM KPO 4 , 1 mM (NH4) 2 SO 4 , 1.2 mM MgCl 2 , 140 mM MnCl 2 , 50 mg ml -1 required amino acids (His, Met and Trp) and 20 mM sorbitol, pH 7.0 (Ordal and Goldman, 1975) .
Construction of mutations in cheB
Long PCR was performed on pUSH1::cheB to create the various cheB alleles using the following 5¢-phosphorylated primers (Integrated DNA Technologies) to create pUSH1::cheB (D54N) , pUSH1::cheB , and pUSH1::cheB (S173C) essentially as described (Fisher and Pei, 1997) .
The PCR product was purified using a PCR purification cartridge (Qiagen). DNA concentration was then deter-mined using A 260 (OE = 0.016 ml mg -1 ). The PCR product (~1000 ng) was then diluted in 1¥ T4 DNA ligase buffer (Invitrogen) containing 1 U T4 DNA ligase and incubated overnight at 14∞C. The ligated product was then desalted in Micro-bio Spin ® 6 (Bio-Rad) equilibrated in water. Approximately 200 ng of ligated and desalted DNA was diluted in 1¥ React 4 (Invitrogen) and DpnI digested for 1 h at 37∞C. After heat inactivation, the entire reaction was transformed into E. coli TG-1. Colonies were selected and screened by sequencing.
Construction of mutant allele strains
The various cheB alleles were transformed into OI2836 containing pBL1 and selected for kanamycin resistance (Spizizen et al., 1966) .
Swarm analysis of cheB alleles
Mutant alleles were streaked on selective tryptose blood agar base plates. A single colony was transferred to a tryptone (1% TB and 0.27% agar) or minimal asparagine (0.3 mM) swarm plate [1¥ Spizizens salts, 27.5 mM glucose, 5 mg ml -1 required amino acids (His, Met, Trp) and 0.27% agar] and incubated until OI4071 (see Table 1 ) was 20-25 mm.
Capillary assay for chemotaxis
The capillary assay has been previously described (Ordal and Goldman, 1975) . Strains were grown overnight at 37∞C on tryptose blood agar base plates containing appropriate selective antibiotics. Cells were taken from the plates using an inoculating loop and resuspended in 1 ml minimal media. The cell suspension was then diluted to A 600 = 0.014 in 10 ml of minimal media. The cells were then grown to 32.5 Klett units at 37∞C, 100 ml of a 5% glycerol-0.5 M sodium lactate was added, and the cells were incubated for an additional 15 min. The cell suspension was then harvested by vacuum filtration and washed three times in CB. Cells were then resuspended in fresh CB and diluted to A 600 = 0.001. Cells were exposed to capillary tubes containing various chemoeffector concentrations for 30 min before harvesting and plating in TB top agar. Accumulation was recorded as a number of colonies arising from each plate.
Continuous flow assay
The continuous flow assay has been previously described (Thoelke et al., 1987) . Briefly, a 2 ml overnight culture grown in LB was diluted 1:100 into 10 ml of fresh LB media containing indicated amounts of IPTG, and incubated at 37∞C until early stationary phase (~180 Klett units). Cells were then washed two times in CB containing 100 mg ml -1 Cm and resuspended to A 600 = 1.00 in 3 ml of CB with 100 mg ml -1
Cm. Cells were incubated at 37∞C for 5 min and labelled by addition of 100 ml L- [methyl- 3 H]-methionine at 37∞C for 20 min. Cells were then transferred to a 25 mm, 0.45 mM SFCA membrane (Nalgene) and connected to a peristaltic pump at a flow rate of ~15 ml min -1 . Cells were allowed to equilibrate in CB buffer supplemented with 10 -4 M cold methionine for 5 min prior to initiation by collecting 0.3 min fractions. Asparagine 0.504 M was added and removed the times indicated in the figure legends. Next, 0.5 ml fractions were then transferred to 0.6 ml microcentrifuge tubes placed in a 7 ml HDPE scintillation vial (Fisher) and allowed to incubate 24 h. A concentration of 0.504 mM asparagine is predicted to titrate 90% of McpB receptor ligand-binding sites based on K d values (Ordal et al., 1977) .
